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Electroweak baryogenesis could be very efficient at the end of an electroweak- 
scale inflation. Reheating that followed inflation could create a highly non¬ 
equilibrium plasma, in which the baryon number violating transitions were 
rapid. In addition, the time-dependent motions of the scalar degrees of free¬ 
dom could provide the requisite CP violation. If the hnal reheat temperature 
was below 100 GeV, there was no wash-out of the baryon asymmetry after 
thermalization. The observed value of the baryon asymmetry can be attained 
in a number of models, some of which do not require a significant departure 
from the Standard Model. 
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1 Introduction 


Inflation probably took place in the early universe. If the scale of (the latest) inflation 
was of the order of the electroweak scale, the subsequent reheating would provide ideal 
conditions for electroweak baryogenesis. 

The original scenario of Kuzmin, Rubakov, and Shaposhnikov [jl|, ^ was based on a 
brilliant idea that all three Sakharov’s conditions P] necessary for a successful baryogenesis 
were satished, at least qualitatively, in the early universe due to the properties of the 
Standard Model at hnite temperature. First, the baryon number was violated by sphaleron 
transitions. Second, the universe was out of thermal equilibrium during a phase transition. 
Finally, CP was broken, because it is not an exact symmetry in the Standard Model. 

Unfortunately, this scenario, in its original form, cannot account for the observed 
baryon-to-photon ratio rj ~ 10“^°. First problem has to do with the fact that the elec¬ 
troweak phase transition is not sufficiently strongly hrst-order unless the Higgs mass is 
below about 45 GeV, which is ruled out by experiment. Second, the CP violation from 
the Cabibbo-Kobayashi-Maskawa matrix is way too small for baryogenesis because its 
contribution to r] is suppressed by high powers of the Yukawa couplings. 

At the end of inflation, however, the universe was emphatically out of equilibrium. 
Could the baryon number violating processes take place in that non-thermal environ¬ 
ment? The answer is yes; this was clearly demonstrated by a consensus of numerical 0 
and analytical p, ^ arguments. Finally, the requisite CP violation may come from 
time-dependent solutions for the scalar zero-modes in the background 0. Altogether, 
electroweak baryogenesis can be very efficient at the end of inflation. 


2 Electroweak baryogenesis at preheating 


The idea |^, |[ of using for baryogenesis the non-equilibrium nature of preheating |Q , along 
with the new sources of CP violation that preheating offers |0], is very appealing because 
it is simple and requires only a minor “upgrade” of the Standard Model. The inflaton has 
to be added to the Standard Model, but this is a widely accepted piece of new physics that 
is desirable for other reasons. The only uncomfortable features of the scenario proposed 
independently in Refs. 0 and 0 are the relatively low scale of inflation and the need to 
couple the inflaton to the Higgs sector. In combination with the constraint that inflation 
must last for more than 60 e-folds, this forces the inflaton potential to be unnaturally flat. 

Of course, if the universe has undergone more than one period of inflation, the latest, 
electroweak-scale inflation could have lasted for only a small number of e-folds. In this 
case, there is no problem with naturalness. 

m 


Low-scale inflation models have been constructed 


One of the side benehts of 
lowering the inflation scale is avoiding the gravitino over-production constraints. There 
are other particle-physics motivations for using the TeV scale, which is associated with 


supersymmetry breaking in a class of models |11 . 
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Although the simplest models of hybrid inflation do not yield parametric resonance [|l^ , 
there is no fundamental reason why a weak-scale inflation could not be followed by res¬ 
onant preheating |13 


The latter possibility allows for efficient electroweak baryogenesis 


at preheating. 


2.1 Baryon number non-conservation during preheating 



Figure 1: Evolution of the effective temperature with time in a numerical simulation of 
electroweak baryogenesis at preheating P] 


Numerical simulations in 1-1-1 dimensions |g, |T^ demonstrate that the baryon number 
violating processes can go unsuppressed in a non-thermal plasma at preheating. One way 
to think about this is in terms of “effective temperature” 0 . Although plasma is far from 
equilibrium, the Chern-Simons number changes at the same rate as in thermal plasma at 
temperature Teg. Since sphalerons, being extended objects, are mainly affected by the 
long-wavelength modes, it is the infra-red part of the spectrum that determines Teg. At 
preheating, the long-wavelength modes are overpopulated as compared to the thermal 
ensemble. Hence, the effective temperature Tgfj is higher than the energy density. When 
thermal equilibrium is restored, the final temperature Tr < 100 GeV < Tgg. At that point 
the rate of baryon number violating processes is negligible. This behavior, favorable to 
baryogenesis, is shown in Figs. 1,2. 

One can try to describe this behavior semi-analytically by isolating certain gauge 
degrees of freedom and studying their evolution at preheating |0] , when the vector boson 
mass, Mw changes with time due to the oscillations of the inflaton coupled to the Higgs 
sector. Let us introduce an ansatz |]^ ^ for the gauge potential 
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Figure 2: Change in Chern-Simons number during the run shown in Fig. 1 

Our spatially-homogeneous ansatz is: 

gAo = 0 ; gAi = ( 2 ) 

in which the group index is tied to the spatial index. By the conventional rules of charge 
conjugation and parity for the gauge potential, 0 is C even, P odd, CP odd. 

It is important to note that this ansatz does not correspond to a non-vanishing VEV for 
an EW held. Gauge invariance alone is enough to ensure that there can be no expectation 
value coupling the space-time indices to group indices. 

One readily calculates the EW electric and magnetic helds: 

-t 

gEi = Goi = (—)0(f); gBi = -eijkGjk = (3) 

Then one calculates the density W of the Chern-Simons number as: 

IV = (4) 

It is straightforward to check that W is the topological charge density Q, related to B-l-L 
violation through the anomaly equation. 

With the assumption of a given Higgs VEV, the equations of motion for the gauge 
potential are: 

ID'^,G^,] + M^(t)(A, + = 0. (5) 

Here the unitary matrix E represents the Goldstone (phase) part of the Higgs held. The 
mass term will be assumed to have the form: 

M^{t) = + ecos{ut)) (6) 
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where m is the value of Mw with no oscillations. 

This ansatz has some important properties. First, it carries some non-zero Chern- 
Simons density. Second, the equation of motion for the held (p, 

^ + 2(j)^ + {1 + e cos rt)(f) = 0, (7) 

has resonantly growing solutions. Finally, the ansatz can evolve for a long time without 
breaking spatial homogeneity |0]. 



t 


Figure 3: Resonant growth of the Chern-Simons number density in the gauge “conden¬ 
sate” for the case of slowly changing driving frequency [0. 

The Chern-Simons density grows as the third power of (p. 


2.2 CP violation at preheating 


CP and time-reversal symmetries at preheating may be broken by the time-dependent 
classical motions of scalar helds in the background . This is similar to the source of CP 

Q' 


violation used by Affleck and Dine 


CP violation of this kind is poorly constrained 


by experiment. Several viable scenarios for electroweak baryogenesis at preheating were 
presented in Ref. P). For example, a modified spontaneous baryogenesis a la Cohen, 
Kaplan, and Nelson becomes very efficient at preheating. Their original scenario 
used the variation of the Higgs field inside a wall of a bubble formed in a first-order 
phase transition. A similar effect can occur at preheating uniformly in space, on the 
horizon scales |^. One can get the desired baryon asymmetry in a Standard Model 
supplemented by an additional Higgs doublet and an infiaton sector p. The difference 
with the scenario proposed by Cohen, Kaplan and Nelson is that in our case CP 
violation occurs homogeneously in space, as opposed to in a bubble wall. In addition. 
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the final prediction for baryon asymmetry in the CKN scenario was very far from the 
eqnilibrinm valne because the sphaleron rate was slow on the time scales associated with 
the growth of the bubble. In our case, the Higgs parameters change slowly in time while 
the baryon number non-conservation is rapid. This allows a slow adiabatic adjustment of 
the baryon number to that which minimizes the free energy. 


3 Other possibilities for baryogenesis at preheating 


Non-thermal production of heavy particles at the end of inflation m could result in 
baryogenesis 0 , or a leptogenesis pT| via the decay of the heavy particles. 

Alternatively, in models with low-energy supersymmetry, weak-scale inflation can lead 
to formation of the Affleck-Dine condensate |^, Q. In general, this condensate does not 

This affords a number 


remain homogeneous and can break up into SUSY Q-balls 
of interesting possibilities for generating baryons and dark matter simultaneously |^, p5| , 

|6|,I3. 

If there were complex scalar fields not associated with supersymmetry, their fragmen¬ 
tation in a similar fashion could produce stable Q-balls that could make up the dark mat¬ 
ter. Interestingly enough, this form of dark matter can be strongly self-interacting |^, ^ 


and can, therefore, resolve the problems with non-interacting cold dark matter on small 


scales [30 . 


4 Conclusion 

A highly non-thermal state of the universe at the end of inflation provides a fertile ground 
for baryogenesis. In addition to a dramatic departure from thermal equilibrium, preheat¬ 
ing creates conditions for baryon number non-conservation and activates sources of CP 
violation that are largely unconstrained by the experimental data. Several modest mod¬ 
ifications of the Standard Model allow for efficient electroweak baryogenesis in the wake 
of inflation. 
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